Charging mobile electronic devices is a hot topic in the field of wireless power transfer. The change of mutual inductance during the movement of the electronic device will cause the output voltage to fluctuate and the power transfer efficiency to drop. In order to solve these problems, this paper proposes a CLC compensation network that is embedded between the power supply and each transmitter coil. Optimizing the parameters of the CLC compensation networks can ensure that the position-varying load obtains stable voltage while ensuring high power transfer efficiency. Specific theoretical analysis of output voltage control and power transmission efficiency optimization is detailed in the article. Finally, a typical experimental platform is established and the result of the experiment can verify the theory.
Introduction
In recent years, wireless power transfer (WPT) technology has made rapid development especially the magnetic resonant coupling technology, which transfer energy in the mid-range safely and effectively [1] . Magnetic coupling WPT technology has been successfully applied in low-power portable electronic devices [2] such as mobile phone, laptops, pacemakers, etc. However, in the process of wireless power transmission, the change of mutual inductance between the receiving coil and the transmitting coil, caused by longer transfer distance or coil misalignment [3] , influences the load receiving power and the transmission efficiency. How to make the load get stable voltage or power and high power transfer efficiency is a top priority especially when charging wirelessly for movable loads.
There are already many studies on the top priority. Stable output voltage can be made true through frequency configuration and the distribution of load position [4, 5] . In [6] , an optimized compensation capacitor inserted in primary coil has been proposed to regulate the transfer power fluctuation caused by the misalignment between transmission coil and receiving coil. For the purpose of maintaining the stable transmission power in the dynamic WPT system, a novel T-type compensation network inserted between the source and the primary coil is proposed [7] . At the meantime, the research on omnidirectional wireless power transfer provides a new direction to solve the power fluctuation and the decline of transfer power efficiency. In [8] , controlling the magnetic flux to flow the target is a valid way to control the power received by the target. The article proposed a twoor three-dimension omnidirectional WPT system whose transmission side is composed of two or three separate orthogonal coils connecting a power supple individually. Current amplitude modulation, phase angle control and frequency modulation are three methods to control the magnetic flux. In [9] , based on the current amplitude control, the wireless power can be transfer to any target area. In [10] , the WPT system with several orthogonal transmitter coils can achieve maximum transfer efficiency when the ratio of each power supply voltage is equal to the ratio of the mutual inductance of the receiving coil to each transmitting coil.
However, all of the above studies have one thing in common: they can only achieve one of the stable output power (voltage) or power transfer efficiency. It is a focus of research in WPT system to ensure stable output power while ensuring high power transfer efficiency. Article [11] proposed a coordinated control of two voltage source (voltage amplitude modulation and phase angle control) to ensure steady output power and maximum transfer efficiency simultaneously. Nevertheless, there is a defect that the simultaneous change of voltage source amplitude and phase is difficult to operate and is not convenient enough. For the IEICE Electronics Express, Vol.* No.*,*-* 4 result that a novel CLC optimization network inserted between each power supply and transmitter coil is proposed in this paper to maximize power transfer efficiency on the premise of stable output power. Compared with the scheme in [11] , the method in this paper is more convenient and easier to implement.
As shown in Fig. 1(a) , it is a conventional dynamic WPT system which is composed of a moving receiver and two transmitters connected to a common source. The mutual inductance between two transmitters has an adverse effect on the entire system .It is a problem that need to be considered to eliminate the interference of transmitting coil mutual inductance to the system. And the power obtained by the receiving coil and the energy transmission efficiency of the entire system will fluctuate with the movement of the receiving coil. In order to address those problems, we put forward a typical WPT system as shown in Fig. 1(b) . To better analyze the system theoretically, the equivalent circuit diagram of the proposed system is shown in Fig.2 . The following arrangement of the article is as follows: in Section 2, the proposed WPT structure is illustrated in detail based on the circuit theory. The optimizations of the CLC compensation networks for ensuring the sable output power and high power transfer efficiency simultaneously are discussed in detail. Section 3 describes our experimental wireless charging platform and calculated, simulated and experimental results are used to verify the optimization principles. Conclusions and future research directions are discussed in Section 4.
2 Circuit structure and analysis of the two-transmitter WPT system 2.1 Proposed circuit structure and control of output voltage
As shown in Fig. 1(b) , the proposed WPT system is composed of two transmitter coil connected to the same power supply and one receiver. And the two different compensation networks are inserted between the transmitters and power supply, respectively. For the purpose of charging for mobile load more conveniently and widely, the two transmit coils are tiled on the same horizontal plane and the receiver moves in a parallel plane above the two transmitting coils. In order to analyze this system more conveniently, its equivalent circuit diagram is shown in Fig. 2 . (a) Model of conventional dynamic WPT system which is composed of a moving receiver and two transmitters connected to a common source; (b) proposed WPT system Actually, the power supply is composed of a half-bridge converter driven by a DC power supply or an AC-DC circuit, which has a very little switching loss at the milliohm-scale. Therefore, this power supply can be approximated by a constant current source with zero output impedance [15, 16] . Therefore the internal resistance of the power supply can be ignored in the proposed WPT system. VS is the amplitude of the power supply and ω0 is the angular frequency. TX1 and TX2 stand for the transmitter coils. R1( R2) is the equivalent resistance of line loss and transmitting coil loss. And R3 are the resistances of the receiving coil. L1, L2 and L3 represent the inductances of TX1, TX2 and receiver, respectively. C1, C2 and C3 are the corresponding resonant capacitances. M12 is the mutual inductance between TX1 and TX2. When the overlapping area of two coils reaches a certain value, the valve of the mutual inductance between the two coils approaches zero [19] .So M12 can be ignored in this proposed WPT system. M13 (M23) is the mutual inductance between TX1 (TX2) and the receiver. As the position of the load changes, the degree of misalignment between the coupled coils causes a change in mutual inductance. M13 and M23 can be calculated according to the Nuemann formula [12, 13] . In the Eq. (1), l1 and l2 are the contours of two corresponding coils; dl1 and dl2 represent infinitesimal elements randomly taken from the outline of the two coils, respectively; r stands for the distance between dl1 and dl2; μ0 is the magnetic permeability in vacuum; N1 and N2 represent the turns of the two coils, respectively. C11(C22) and L11(L22) are inductance and capacitance of the proposed T-type compensation network. According to article [14] , the compensation network can be regarded as an impedance inverter. As we know, all resonators of the system should be tuned at the same angular frequency ω0. It satisfies the following formula 0 11 11 22 22 1 1 2 2 3 3
At the meantime, Rf1 and Rf2 are defined as the reflection resistances of the receiver reflected to TX1 and reflected to TX2, respectively. They can be expressed as Based on the principle in [15, 16] , the impedance inverter is a two-port device. For ease of understanding, we define a parameter T that is a real number in ohms and the parameter T satisfies the following formula
So the ABCD matrix of the impedance inverter can be written as
So the equivalent circuit diagram in the Fig. 2 can be further simplified as Fig. 4 . As shown in Fig. 3(a) , Z1 and Z2 are the input impedance of each transmitting side. According to theory of article [6, 17] , Z1 and Z2 can be expressed respectively as 2 2 2 2 0 11 0 22
where T1 and T2 are the parameter of the two impedance inverters.
As shown in Fig. 3(b) , Z11 and Z22 respectively represent the output impedance of the upper and lower parts of the circuit. Compared with the circuit of the Fig. 3(a) , Z11 and Z22 can be derived as 2 2 0 11 0 22 11
As we know, VL, the voltage of the load, originates from the TX1 and TX2. VL1 and VL2 are defined as the voltages coming from TX1 and TX2, respectively. So based on our circuit knowledge, P1, the power getting from TX1, can be calculated as
Substituting (3) into (8), VL1 can be derived as
In the proposed WPT system, the internal resistance of the power supply is ignored and RL>>R3, so the Eq. (9) can be simplified as ( )
It can be drawn from Eq. (12) that the voltage of the load getting from TX1 and TX2 is determined by the ratio of M13 to L11 and M23 to L22. If the sum of |M13/L11| and |M23/L22| could always maintain a fixed value and the power supply keeps constant, VL can keep fixed. Even though the load is moving, the change of its position caused M13 and M23 to change. As long as we adjust the values of the inductors L11 and L22 in the CLC compensation networks to ensure that the sum of |M13/L11| and |M23/L22| does not change, the load can obtain a stable voltage. Note that C11(C22) varies with L11(L22) according to Eq. (2).
Optimization of power transfer efficiency
In the previous section, the load can get stable voltage by optimized the value of L11 and L22. Under the premise of ensuring that the load can obtain a stable voltage, how to optimize the value of L11 and L22 once again to ensure maximum transmission efficiency will be an important issue that needs to be resolved.
According to the same principle of Eq. (8), we can get the expression of P2, the power obtained through TX2. The expression is
Therefore, Po, the output power of the system can be derived as 0 1 2
And Pin, the input power of the system can be calculated as 2 2 11 22
So the power transfer efficiency η [18] ，can be expressed as
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Observing Eq. (19), it is obvious that the numerator of the formula is the same as the first half of the denominator. And from the contents of the previous section, we can get that the resistance of R1, R2 are equal. 
Assuming that the electronicthe device is a resistive load whose required charging voltage is the same as the power supply voltage Vs. For the convenience of analysis, so we set the following formulas as 13 23
Under the conditions of (21), the voltage amplitude of the receiver in the proposed WPT system is equal to VS. Submitting (21) 
As we know, the receiver in the proposed WPT system is movable, M13 and M23 change with the position of the receiver. But in a certain position, mutual inductance has a corresponding definite value. Therefore, we defines a function (a) f , it can be expressed as 0  23   0   2  2  2  2  2  3  2  2  2  13   2 2  2  2  2  2  2  3  23  13  13  23  2  2  2  13 23
In general, as long as the values of L11 and L22 can be determined based on Eq. (30), no matter how the load position changes, the load can obtain a stable voltage or power, and the proposed WPT system can guarantee maximum efficiency transmissionin simultaneously. In particular, the C11 (C22) in the T-type compensation network should change as the L11 (C22) change based on Eq. (2) in the meantime.
Numerical simulation and experiments
To illustrate and verify the optimization strategy in detail, the experimental prototype of the corresponding WPT system is established as the Fig. 4 shown and its framework is displayed in Fig. 1(b) .
It is assumed that a resistive load (10 Ω) requires a charging voltage of 6 V. In the experiment, RX moves from TX1 to TX2. As shown in Fig. 1(b) , Parameter d is the moving distance of RX. The vertical distance h between TX1 (TX2) and RX is 2.1cm. The distance D between the leftmost side of TX1 and the rightmost side of TX2 is 15cm. The combination of DC source and half-bridge inverter which is equivalent to an AC voltage source is utilized to power the two transmitting coils. The peak of the AC source is approximately 6V and the operating frequency is set to 80kHz. The parameters of the transmitting coils and receiving coil are listed in Table I . The line loss at each transmitting side is approximately 0.4 Ω and the line loss at receiving side can be ignored, so the valve of R1 (R2) is 0.8 Ω and the valve of R3 is 0.4 Ω.
In the experiment, the mutual inductance of the transmitting coils, M12, is equal to zero when the overlapping area of two coils reaches an appropriate value. The measured valves and the calculated valves of M13 and M23 based on Eq. (1) in different positions are tabulated in Fig. 5 . By comparing the two curves, the deviation between the measured valves and calculated valves is very little and acceptable.
We all know that M13 (M23) has a corresponding determined value in each position. For example, when the moving distance d of RX is 1.5cm, the measured values of M13 and M23 are 19.3μH and 1.8μH, respectively. They are very close to the calculated value. In theory, RX can obtain a stable charging voltage as long as the value of the CLC network parameters can meet the voltage control principle in Section 2. To verify the voltage control principle in Section 2, we took several sets of different CLC network parameters in the experiment .The specific valves of those parameters are listed in Table II . Fig. 6 shows the curves of calculated, simulated and measured power transfer efficiency and the corresponding curves of the voltage of load (VL).We can see that the different combinations of L11 and L22 can all make the load obtain stable voltage. But the valve of L11 and L22 has a certain impact on the power transfer efficiency of the proposed WPT system. So in the case of ensuring the fixed charging voltage, it is a top priority to select the best parameters of the CLC networks to ensure the maximum power transfer efficiency of the system. Based on the optimization strategy and the load charging requirements, the valve of L11 should be more than 19.3μH. According to the three curves of efficiency, the WPT system can get the largest power transfer efficiency as the valve of L11 is19.5 μH which is just equal to the L11 valve derived from Eq. (30). Fig. 8 . Compared with the two-transmitter WPT system without CLC networks, the efficiency of the two-transmitter WPT system with CLC network is much more stable and keeps at a high level. Correspondingly, the voltage obtained by the load is also stable and meets the charging requirement. In general, the voltage control strategy and power transfer efficiency optimization principle can achieve high and stable power transfer efficiency and fixed output voltage when a receiver is moving between two transmitting coils.
Conclusions
This paper proposed a dynamic WPT system which is composed of a moving receiver and two transmitters connected to a common source. In order to reduce output voltage obtained by the load and system efficiency fluctuations caused by changes in load position, a compensation method which is inserting a suitable CLC network between power supply and each transmitting coil was proposed. The output voltage strategy and power transfer efficiency optimization principle is analyzed in detain. Not only can the suitable combination of the two CLC compensation networks ensure the load obtain required charging voltage, but also make the power transfer efficiency keep at a high level. Calculated, simulated and experimental results are carried out to verify the theories. In summary, the WPT systems with multiple transmitting coils and movable receiver have a superior performance when adding suitable compensation or control methods. We will do more research works on the direction in this paper in the future.
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